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Introduction
The 21st meeting for specialists in air pollution effects on forest ecosystems “Forests under changing climate, enhanced UV and air pollution” was held on August 25-30, 2004, in Oulu, Finland, hosted by Department of Biology, Thule Institute and University of Oulu, on behalf of the IUFRO Research Group 7.04.00 “Air Pollution Impacts on Forest Ecosystems”. A satellite microscopy workshop was also held as part of the IUFRO Working Party 7.04.02 “Mechanisms of action and indicator development”.
When studying environmental problems in forest ecosystems, particularly in trees, the key question is: which changes or injury do we observe and what is their origin? Field studies and experiments are carried out to document exposure and uptake of pollutants, effects at tree and ecosystem level, to prove dose-response relationship, and to clarify the multiple relationships existing between site factors, climate, pollutants, competition for resources, successional dynamics and tree/ecosystem responses. In the past 20 years, experimental conditions to test air pollution effects have constantly improved using increasingly sophisticated technical installations. These approaches have included greenhouses, climate chambers, open-top chambers, branch and single tree chambers, and recently various free-air release fumigations systems in tree plantations or forest canopies - all with the purpose of measuring the effects in near-natural systems. Research has also focused on the ‘mechanisms of action’ of different stress factors, such as gas exchange, anatomical and biochemical responses. Introductory work has been done using molecular biology methods. Applications using bioindication in the field (initially with exposed sensitive plants and recently with natural vegetation) have been developed. Results from O3 injury assessments were reported in different sessions of this meeting during which much new work was dedicated to understand the effects of increased O3, elevated CO2, nitrogen, and UV-B on ecosystems. Both field studies and experimental works were presented, providing evidence documenting the air pollution impact on forest trees and/or ecosystems in Europe and North America. Here we select and resume some key-results from the oral presentations, whose degree of innovation may contribute to address future research.

Diagnosis, Monitoring and Evaluation 
Two main topics were addressed: (i) importance of the design in field studies aimed at assessing air pollution effects on forests, and (ii) statistical relationships existing between crown condition (defoliation and needle longevity) and environmental parameters. The importance of both topics in forest monitoring is well known since some time and – as such – the topics cannot be considered entirely new. Yet, when examining the structure and results of forest monitoring programmes in Europe, it is clear that design issues as well as data processing issues could be improved. In this respect, some of the presentations given during the meeting added new information. The role of monitoring design was examined also in relation to acute, source-related air pollution impacts on forests and to biogeochemical studies (Kozlov, Bastrup-Birk). In many cases, studies carried out over the last 10 years still suffer poor design (ambiguous sampling design, lack of replication), and this confirms that little progress has been made in this field (see Hurlbert, 1984; Eberhardt and Thomas, 1991). It is important that this point was taken up once again: presentations emphasized the clear demand for a design-based, statistically-oriented monitoring programme. Future efforts in forest monitoring and assessment have to be based on rigorous statistical designs. This is also true in relation to data analysis, which cannot be properly undertaken without an unbiased sampling design.
The relationships between forest health and air pollution were investigated according to different approaches. Correlative studies between defoliation and environmental parameters were undertaken in Lithuania on different statistical populations (Serafinaviciute, Augustaitis). In both cases a number of relationships were found with meteorological, site and air pollution parameters (up to 78% variance explained). In particular, the role of temperature and summer drought was found to be significant, together with O3 levels on broadleaves and sulphate deposition on conifers. A less formal approach was adopted in the Carpathians, where low pollution levels (with the possible exception of NO2) and relatively good forest health were detected (Bytnerowicz). Biogeochemical cycling studies and associated modeling were also reported for Poland (Malek). The new information coming out from these presentations is related more to the geographical area considered. To date, most of the correlative studies undertaken were related to North and central Europe with relatively limited information available on Southern and Eastern European countries. New information about this area is valuable, even if issues such as multi co-linearity of the variables were not addressed and this is a point were substantial effort is needed. 

Ozone
Characteristics of tropospheric O3 pollution have substantially changed during recent years in Europe and North America because of stringent regulations and technological progress (Martin). Main results are reduced peaks and increased annual averages (Manning). However, in parts of South-east Asia and Central and South America, emissions are on the rise. Intercontinental transport of O3 precursors (from North America and Asia to Europe) has been demonstrated to be an efficient process (Derwent et al., 2004).
Ozone has been shown to be a significant predictor of crown defoliation in forests in South Western Europe, but still less important than factors like the geographical and topographical location of the trees and the soil properties (Ferretti). Passive samplers for ambient O3 monitoring combined with selection of native bioindicators have proven to be very useful tools in evaluation of O3 effects on forests (Sanz). There is a clear need for better indices explaining O3 phytotoxic effects in the field. In this regard, progress has been made in use of passive samplers data for reconstruction of real-time O3 concentrations (Ferretti). Computer-based charts of O3-caused injury of native plants may greatly help scientists and land managers in the evaluation of O3 effects on native flora (Sanz). Progress is being made in Europe in developing an O3-effective flux approach combined with information on physiological/biochemical defence mechanisms of plants that could eventually replace the strongly criticized AOT40 approach. In free-air O3 exposure, the AOT40 exceedance does not work for adult trees, especially not in dry years, and the only alternative appears the flux concept (Löw). After validation with data from free-air O3 fumigation in Germany, the Emberson et al. (2000) O3 flux model was used on level II European beech plots in Switzerland (Schaub), demonstrating that it is valuable to model O3 uptake in leaves.
Short-term O3 exposure stimulates stomatal closure as a reaction to an increased internal CO2 concentration resulting from mesophyllic limitations to carbon assimilation (Paoletti). Prompt stomatal closure accounts for plant resistance to O3 peaks. Long-term exposure causes stomata to become sluggish in response to changes in environmental conditions. As a consequence, plant water control may be impaired. Further investigations should lead to a better understanding of the physiological basis of sluggish stomatal responses across a broader spectrum of species. More information is also needed to understand the relationship between O3 sensitivity and stomatal density.
The free-air O3 canopy fumigation experiment at Kranzberger Forst, Germany, showed that O3 effects that have been reported in young trees – for example, extensive foliar injury, accelerated leaf loss, reduced assimilation rate, decreased growth rate - are found only to a minor degree in adult beech trees in the field. Young beech in phytotrons were more sensitive to O3 injury, because of slightly higher O3 uptake when exposed to the same external O3 regimes, lower photosynthetic rates in relation to O3 uptake, and lower levels of antioxidants related to leaf surface area (Nunn). High O3 concentrations per se do not cause injuries under dry conditions, as stomata close (Löw). Irrespective of O3 exposure, cuvette enclosure did not affect gas exchange behavior and antioxidant contents in leaves of adult trees (Then). However, branch bag O3 experiments are still relevant for whole-tree risk assessment in adult field grown trees. Biochemical parameters (antioxidant contents) additionally demonstrated that twigs possess autonomy in their defense metabolism (Then). Chamber experiments suggest that the effect of O3 on carbohydrates results in carbon gain/allocation to below ground parts. The enzyme activity is also affected, in that Rubisco activity decreases and PEPc activity increases. Analysis within adult beech canopies showed high heterogeneity and no clear effect of O3 on enzyme activity of Rubisco and PEPc (Blumenröther). The question was whether the carbohydrate and enzyme activity pattern is a biochemical leaf response to O3 uptake or to the drought in 2003. Parallel assessment of photosynthesis and carbohydrate content showed no differences in photosynthesis between sun and shade trees, suggesting that drought cannot be the only reason for the observed symptoms. When investigating biochemical defense in the chloroplast pigments, for example tocopherols and the ascorbate and glutathione systems, significant differences among tree age and canopy positions were found (Herbinger). Sun leaves exhibited lower pigment content and total glutathione, and higher deepoxidation state of xanthophyll and (-tocopherol, mainly in seedlings. No O3 effects were found on the lipophilic thylakoid compounds, but the aqueous glutathione system responded significantly to 2xO3. 

UV-B
Reduced emission of the relevant pollutants has been slowing the depletion of stratospheric ozone. However, progress was slow because of the inherent inertia of atmospheric processes. Consequently, UV-B enhancement continues and a return to background levels is decades away (Martin).
Mixed results were obtained for more than three-dozen tree species studied with some species showing deleterious effects of UV-B (Sullivan). More negative effects were observed in indoor conditions compared with field studies. Out of 160 species of the high Arctic tundra, only a few showed sensitivity to the increased UV-B (Rozema). Taken as a whole it is concluded that minor reduction in stratospheric ozone and subsequent increase of UV-B radiation are not likely to result in losses in tree or forest productivity. However, the assessment of the role of ambient UV-B in controlling forest health and ecosystem processes or possible indirect consequences of UV-B radiation are unknown and difficult to investigate. To better understand the potential for UV-B induced changes, long-term experiments should be continued. 

Acidifying Depositions and Nitrogen
Powerful scientific programmes developed the knowledge to guide an effective policy to reduce acidifying deposition in North America, Europe, and the former Soviet Union (Martin). However, other parts of the world are now experiencing rising emissions of sulphur and nitrogen oxides. For example, in Thailand, the chemical analysis of deposition in mixed deciduous forests showed increased acidity (Luangjame). Actual levels of acidity were low, however the results may be used as a baseline in a region where increased acid rain may be expected. 
Stopping acid treatments increased spruce root growth, while stopping N fertilization had no detectable changes (Sheppard). Positive seedling growth responses to the more favorable N status in soils subjected to prolonged pollutant inputs was shown in urban soils (Tarvainen). A clearly negative effect of soil acidification on fine root growth was reported for a field study on beech (Braun). The issue of soil acidification and plant response was raised in several of the presentations, and clearly remains an important theme in pollutant research in Europe (Malek, Braun, Sheppard, Potocic). This does not necessarily imply that soil acidity is always a factor in response to pollutants, however, especially in Mediterranean climates where base saturation is usually high (Grulke).
Forest fire is very relevant to nitrogen budgets, especially in Mediterranean-type ecosystems, and has a significant impact on nutrient budgets even for infrequent fires. Fire N loss equals more than 10,000 times the annual N leaching rate and post-fire N fixation is much larger than atmospheric deposition in a forest in the Sierra Nevada Mountains, USA (Johnson). Nearly all N in burned organic matter is gasified and lost to the system. Fire causes immediate losses in soil C and N but no significant changes in Ca2+ or Mg2+. Forest fire may be more important than water for N cycling even for infrequent and restricted fire. 
The role of needle position on the crown of Scots pine and of various environmental factors was investigated in Finland along a N deposition gradient (Lamppu). Crown defoliation, i.e the “traditional” forest health indicator in Europe, is determined by many factors, including needle longevity. Needle longevity decreases in the upper crown and in relation to N content (probably caused by N deposition). This information may help explain the crown defoliation patterns in N polluted areas. Nevertheless, California black oak in N-amended sites showed slower leaf loss as compared to unfertilized sites (Grulke). At a highly polluted site, N deposition appeared to deleteriously interact with drought stress, and exacerbated O3 injury expression on the oak leaves.

Heavy metals
In both spruce and maple seedlings exposed to combinations of heavy metals and O3, soil-applied heavy metals resulted in the greatest growth reductions, while O3 effects were minor and variable (Günthardt-Goerg). Multiple stress interactions are by their nature complex, and this study showed how combined stresses can alter growth and tissue nutrient concentrations. 

Organic chemicals
The signing of the Stockholm Convention in 2001 focused attention on POPs (persistent toxic chemicals), even if implications for forests are not clear: some POPs are beneficial to control forest pathogens; some POPs, mainly those including metals, may have direct harmful impacts on forests (Martin).
Accumulation of polycyclic aromatic hydrocarbons (PAHs) in the needles may be successfully used to characterize emission rates of PAHs from different sources as well as to describe the hazard posed to the environment from these compounds on a large-scale (Staszewski). The spruce needle method of biological monitoring seems to be a convenient tool for a preliminary recognition of the hazard level from PAHs. 

Climate Change
Climate change is still a topic of considerable debate in spite of evidence linking increasing anthropogenic CO2 emissions with regional climate trends and enhanced climate variability (Martin). Some parts of the globe are getting warmer and some colder; some parts are getting wetter and some drier. The magnitude of the changes varies greatly from region to region.
Important interactions between climate and air pollutant effects were illustrated at the meeting. During the course of some of the experiments, natural variations in climate occurred, especially in terms of precipitation. The variations in precipitation introduced an unexpected variable into the experiments, often producing different responses depending on whether drought or moist conditions occurred. This was the case with responses of black oak to N treatments in the California experiments (Grulke), the responses of trees to Ca limitations in acidic soils in Croatia (Potocic), and the O3 effect on adult beech in Germany (Löw, Blumenröther). As a general rule, both O3 and drought stresses affected tree growth, and compensation mechanisms resulted in shifts in internal resource allocation, as shown in Aleppo pine (Inclan). 
Small changes in the gaseous composition of the atmosphere have significant impacts on trees. Some of the most important but least studied involve changes in stomatal responses. Rising atmospheric CO2 concentrations are suggested to ameliorate the harmful O3 effects, by reducing stomatal conductance and thus the potential O3 flux into the leaf. Confirmation that stomatal acclimation to elevated CO2 does or does not lessen over time, is critical for developing meaningful O3 flux models (Paoletti). Contrasting responses emerge from the literature and may arise from: stomata responding much more slowly to changes in environmental conditions (scale of hours) than photosynthesis (scales of minutes); from species-specific responses; and from the network organization of guard cell signaling components (alteration in sensitivity to one signal affects other pathways and sensitivity to other signals). 
Five years of free-air CO2 enrichment on young poplar trees showed no acclimation of gas exchange except for the lower layer of the canopy and only by the end of the season (Calfapietra). Nitrogen fertilization increased N concentration in the leaves but did not significantly influence photosynthetic properties.
Long-term experiments on impacts of ambient O3 and CO2 enrichment on growth, productivity competitive interactions and fitness of trembling aspen in the FACE study in Rheinelander, Wisconsin, suggested that even relatively low ambient levels of O3 can negate positive effects of CO2 enrichment on biomass production of trees (Karnosky).
Root and mycorrhizal responses to pollutant inputs were measured in several studies (Braun, Tarvainen, Sheppard), including the effects of CO2 and O3 (Kasurinen), with negative responses to O3.

New research tools
The progress in the field of forest genetics supplies a variety of measures, criteria and indicators related to stress response of populations and individuals. Particularly, the rapid progress in the fields of molecular genetics and proteomics creates new interdisciplinary links in the study of the response of plants to stress and corresponding causal relationships (Müller-Starck). A variety of advanced tools is available to combine genome, transcript and protein analyses with studies on metabolic pathways and the expression of traits. These new tools will allow a better bridging between genetics, physiology and other disciplines related to trait expression.
Corticular (bark) CO2 refixation should be considered when measuring respiratory fluxes from branches and stems of trees (Pfanz). Accurate estimates are important not only for measuring bark respiration rates, but also because cortical CO2 fixation can significantly contribute to the carbon economy of trees. Accurate estimates of cortical fixation are needed when scaling responses to ecosystems and for successful modeling efforts.
PAM imaging is a novel technique to map and quantify changes in chlorophyll fluorescence (Löw). In conjunction with traditional microscopy techniques, it should allow new advances in functional anatomy of chloroplasts. 
Diagnosis of foliar symptoms in the field can be verified in the laboratory. As shown in several presentations during the microscopy workshop (Günthardt-Goerg, Kivimänpää, Oksanen, Vollenweider), the principal role of microscopy in stress physiology is to link stress factors and visible symptoms with cellular and biochemical effects. Microscopy has proved its value in diagnosing several stress factors and therefore ascertaining the observed visible symptoms to render them suitable for a bioindication purpose (in particular for O3), irrespective of species and site. Physiological and biochemical processes could be localised by cytochemistry and their mechanisms of action better understood. Increasing experience in electron microscopy has been used to detect stress associated structural changes as occurring in conifer chloroplasts on a subcellular level, potentially before visible symptoms appear. The number of peroxisomes, mitochondria and chloroplast plastoglobuli in conifer species is associated with light and/or O3. Exposure of the organ and tissue to light is an important factor enhancing O3 injury (Günthardt-Goerg, Vollenweider, Kivimäenpää), and has to be considered in assessments, sampling and microscopical analysis. The latest results scale the mechanisms of O3 action from the structural down to the biochemical and molecular level. For example, O3-induced increase of H2O2 (detected with a specific staining) and transcript levels of catalase appeared to be restricted to the apoplast without ultrastructural injuries in tolerant aspen clones, whereas in sensitive plants they continued to the plasma membrane, cytosol and chloroplasts (Oksanen). The latter effect was absent in the treatment with elevated CO2, showing the possible influence of the carbon balance in the response. At a cellular and ultrastructural level, the compartmentation plays a vital role; this was also evident in the investigation of products from the secondary metabolism. Their presence, quantity and site within tissue cells and cell compartments give important indications for detecting different stress factors. An innovation was the detection of heavy metals in situ by cytochemical methods (Vollenweider). The influence of leaf anatomy on the relative O3 sensitivity of native vegetation was shown  (Koivisto, Maninnen, Timonen), however woody plants are more easily used for O3 monitoring than herbaceous species, which have very variable life circles, tend to senescence after flowering and are more often infected by fungi. In contrast to O3, increased UV-B did not have significant effects so far in a Finnish peatland experiment (Haapala, Mörsky), but increased flavonoids in birch seedlings (Keski-Saari). Microscopy was used to explain the anatomical features induced by nutrient deficiency (as shown for boron by Sutinen). Traditional methods used for long term monitoring could now show structural ameliorations in the vegetation around industries after changing production techniques in Eastern European countries (Kupcinskiene). 
Several interesting directions for future research can be outlined in synthesis from the microscopy workshop.

(1) Microtechnical level:

· Importance of fixation, sampling, selection of staining and observing methods as a decisive step. For example, routine aldehyde fixation deactivates the proanthocyanidins (Vollenweider). As a consequence, the crucial role of the tannins in stress reactions has been often overlooked because of the widespread use of aldehydes in fixation pretreatments. A critical approach is required to examine the interactions between the preparation chemicals and the observed plant structures. New advances can be expected by research labs, having different technical specialities, joining in common research investigations.

· Extension of the list of bioindicators usable for differential diagnosis of more stress factors and in a widened list of plant species. Investigations in this domain are urgently required with an increasingly stressed plant environment in a changing world. Joining microscopic and biochemical techniques is an efficient way of overcoming the limitations imposed by both approaches (respectively the significance and the specificity of the observed changes).

(2) Actuality of certain stress factors as outlined by recent advances in research and changes in the global situation:

· Effects of drought and heat in mesophilous and climacical species.

· Quantitative contribution of light with and without O3 which leads to photo-bleeching and other visible symptoms.

(3) Biotic and abiotic stress interactions:

· Role of biotic stress (air pollution by fungal spores), which may be underestimated.

· Predisposition to biotic infection by anthropogenic pollution or environmental change. 

· Cellular reactions against different biotic attacks, also as founding criteria of differential diagnosis.

(4) Understanding the changes in cell physiology underlying microscopical stress symptoms, noteably concerning:

· Vesiculations in the cytoplasm.

· Changes in chloroplast structure.

· Changes in stomatal apparatus anatomy.

· Changes in vein structure caused by nutrient deficiencies.

Conclusions and prospects
Monitoring is essential to document forest health’s status and changes. The presentations given at the meeting pointed out strengths and weaknesses of forest monitoring as carried out at present. While it is important to acknowledge the achievements, questions related to the value of the response indicator used in multivariate analysis and to the importance of the monitoring design indicate potential problems with the results obtained to date. This means that indicator development, monitoring design and the evaluation of their combined effects on data analysis and on the strength of the conclusions represent areas where substantial improvements are needed. 
In support of monitoring, microscopy techniques can be useful for validating the effects of different stress factors. Microscopical symptoms should be linked to higher observation levels, e.g. to scale the significance of leaf and needle symptoms to whole tree physiology, and to differentiate species- and climate-specific (North vs. South) responses to natural aging and senescence (the use of these terms is not clearly defined). In addition, it needs to be taken into account that abiotic environmental conditions can infer biotic stresses caused by pathogens and insects in many ways. 
Most of attention at the meeting focused on ozone. Establishing a cause and effect relationship for O3 and tree growth in forests is inherently difficult. For instance, extrapolation of the results obtained with open-top chambers to forest conditions is difficult (Manning). Experiments in which forest trees of known high and low sensitivity to O3 are treated with O3 -protective chemical such as ethylenediurea (EDU), while crucial environmental factors are monitored and biological responses are measured, could help in investigations of long-term cause and effect relationships (Manning). Free-air O3 exposure gives valuable information in near-natural ecosystems (Karnosky, Nunn). Seedlings were not surrogates for adult trees even under identical climatic conditions, while twigs were suggested to act as surrogates for whole crown responsiveness to O3 (Then). Leaf-level responses significantly reflect O3 impact when standardizing sampling scheme. It seemed that adult trees in the field are less sensitive to O3 than seedlings, based on free-air O3 exposure studies; nonetheless, long-term risks cannot be ruled out (Nunn). 
Despite topicality of the ozone issue, future work should address the synergistic effects of air pollution and climate change to a greater extent. Air pollution and climate change are closely related. The main driving force of climate change is the increase in atmospheric CO2 concentrations; both CO2 and air pollutants come largely from human activities. Research emphasis has shifted from single to multiple pollutants, from chamber to field investigations, and from simple reconstructed systems to complex field systems that include both air pollution and climate stresses. Overall, the joint long-term effects of CO2 and O3 on tree stomatal responses are still poorly understood. Combined exposures should also allow for scaling up the variation in stomatal density and size to the whole tree level. As larger stomata are slower to close (Aasamaa et al., 2001), an altered stomatal size-density relationship is critical for developing meaningful hydrological and ozone-flux models in a global change scenario. 
Most of the results discussed at the meeting were obtained in North America and Europe. Investigation of plant reactions to air pollution and climate change in Africa, South America and Asia are needed. However, improving the research involvement of the under-represented countries also implies access to funding. Funding has become more international, despite decreasing support from conventional forest research institutions (Seppälä). The growing share of private funding implies increasing result-oriented research and short-term thinking. This may put basic research and quality of research in danger. 
More than in the past, researchers working with pollution and forests need to improve the interface between science and policy. How do we make research more useful? How do we go beyond passive dissemination and increase the influence and impact of research? The IUFRO President Risto Seppälä suggested the following guidelines: involve users; make your research results attractive to stakeholders; state your biases and paradigms; use multidisciplinary teams (holistic view); make your research more policy-oriented. 

Acknowledgments
We wish to thank all the speakers and the participants attending the meeting for the quality of their contributions and for supporting a fruitful discussion.

References
Aasamaa, K., Sober, A. Rahi, M., 2001. Leaf anatomical characteristics associated with shoot hydraulic conductance, stomatal conductance and stomatal sensitivity to changes of leaf water status in temperate deciduous trees. Australian Journal of Plant Physiology 28, 765–774.
Derwent, R.G., Stevenson, D.S., Collins, W.J., Johnson, C.E., 2004. Intercontinental transport and the origins of the ozone observed at surface sites in Europe. Atmospheric Environment 38, 1891–1901.
Eberhardt, L.L., Thomas, J.M., 1991. Designing environmental field studies. Ecological Monographs  61, 53-73.
Emberson, L.D., Ashmore, M.R., Cambridge, H.M., Simpson, D., Tuovinen, J.P., 2000. Modelling stomatal ozone flux across Europe. Environmental Pollution 109, 403-413.
Hurlbert, S.H., 1984. Pseudoreplication and design of ecological field experiments. Ecological Monographs 54, 187-211.
PAGE  
196

